The growing catalogue of structural variants in humans often overlooks inversions as one of the most difficult types of variation to study, even though they affect phenotypic traits in diverse organisms. Here, we have analysed in detail 90 inversions predicted from the comparison of two independently assembled human genomes: the reference genome (NCBI36/HG18) and HuRef. Surprisingly, we found that two thirds of these predictions (62) represent errors either in assembly comparison or in one of the assemblies, including 27 misassembled regions in HG18. Next, we validated 22 of the remaining 28 potential polymorphic inversions using different PCR techniques and characterized their breakpoints and ancestral state. In addition, we determined experimentally the derived allele frequency in Europeans for 17 inversions (DAF ¼ 0.01-0.80), as well as the distribution in 14 worldwide populations for 12 of them based on the 1000 Genomes Project data. Among the validated inversions, nine have inverted repeats (IRs) at their breakpoints, and two show nucleotide variation patterns consistent with a recurrent origin. Conversely, inversions without IRs have a unique origin and almost all of them show deletions or insertions at the breakpoints in the derived allele mediated by microhomology sequences, which highlights the importance of mechanisms like FoSTeS/MMBIR in the generation of complex rearrangements in the human genome. Finally, we found several inversions located within genes and at least one candidate to be positively selected in Africa. Thus, our study emphasizes the importance of careful analysis and validation of large-scale genomic predictions to extract reliable biological conclusions. † These authors contributed equally to this work.
Introduction
Inversions imply the change of orientation of a segment of DNA within a given chromosome and for a long time they have been known to exist as polymorphic variants in many species (1, 2) . However, the prevalence and impact of this type of variants in the human genome are not yet clear (3) (4) (5) (6) . Although the changes they cause in DNA sequences may seem subtle, inversions are able to affect the phenotype and can be adaptive in many species (1, (7) (8) (9) (10) . Their phenotypic effects may derive from the reduction in recombination between arrangements that takes place within the inverted sequence (1, 2) or from the mutational effects of their breakpoints (6, 11, 12) . In that sense, inversions can originate through diverse mechanisms with different potential consequences. One possibility is that they occur by non-allelic homologous recombination (NAHR) between oppositely oriented copies of a repeated sequence, which causes the inversion of the intervening sequence (13) (14) (15) (16) . Another option are double or single-stranded DNA break repair processes, like non-homologous end joining (NHEJ) or microhomologymediated end joining (MMEJ) (17, 18) . Finally, replication-based mechanisms such as fork stalling and template switching (FoSTeS) and microhomology-mediated break-induced replication (MMBIR) (19, 20) could also play a role in the generation of complex events involving inversions and other rearrangements, which often show microhomology at their breakpoints. Still, the relative importance of each of these mechanisms in inversion generation is not clear yet.
The own nature of inversions makes their detection particularly challenging compared to that of other unbalanced structural variants, like copy-number variants (CNVs) (21, 22) or indels (23, 24) . Thus, so far only a handful of polymorphic inversions have been characterized in detail in humans (3) (4) (5) (6) 16, 25) , and in even less cases their worldwide distribution and frequency has been determined (15, (26) (27) (28) . Some of these inversions appear to affect either gene expression (27, 29) or certain phenotypes (30) and could be positively selected in specific populations (26) , suggesting that they have roles in human phenotypic variation, disease or evolution. Therefore, despite the interest in them, the catalogue of polymorphic human inversions is still far from being complete, as exemplified by the recent report of structural variation in 2,504 individuals that identified only one third of known human inversions (31) .
High-throughput techniques like paired-end mapping (PEM), which involves sequencing and mapping to a reference genome of the two ends of DNA fragments of known size, have provided a wealth of information on human structural variants, including inversions (32) (33) (34) (35) (36) (37) . However, the high-repeat content of the human genome and the inter-individual variability in the regions where these variants tend to occur, affect the reliability of the mapping to the reference genome. Comparison of independently assembled genomes could be a good alternative to overcome some of these limitations and avoid biases in inversion detection from PEM (38) . Nevertheless, de novo assembly is a computationally complex and costly procedure, especially with short reads from next-generation sequencing technologies (39) . In addition, careful assessment and validation of the predicted changes are anyway an essential part of the discovery process to avoid false positives.
Once a polymorphic inversion is correctly identified, the second challenge is the large-scale genotyping necessary to investigate inversion frequency, geographic distribution, relationship to nucleotide variation, or association to expression changes or phenotypic traits. Inversions with simple breakpoints can be genotyped using sequencing data with enough coverage, but genotyping of inversions with inverted repeats (IRs) at the breakpoints is a more difficult problem. While several techniques like PCR (15) , inverse PCR (iPCR) (16) , FISH (25) or alternative sequences from long fragments (14, 40, 41) have been used to experimentally validate the existence of inversions with breakpoints of increasing length and complexity, not all of these methods can be applied easily to a large number of samples. Therefore, the use of SNPs in high linkage disequilibrium (LD) with the inversions has been adopted as an indirect but easily scalable method to infer inversion genotypes in many individuals (42) using available data from HapMap (43) or the 1000 Genomes Project (1000GP) (23) . One risk of this is that, as recent evidence suggests, recurrence of inversions mediated by IRs might be more common than previously thought (16, 25) , and the genotypes and effects of these inversions cannot be determined through the association with SNPs.
The J. Craig Venter HuRef genome (44) represents an opportunity for the identification of a whole set of structural variants in a single individual. This genome was sequenced by the Sanger method with a 7.5x average coverage, and independently assembled into 4,528 scaffolds containing 2,810 Mb of contiguous sequence. Many variants were found in the comparison with the reference human genome assembly (NCBI36/HG18), including 3,213,401 SNPs, 53,823 block substitutions, 851,575 indels, and 90 inversions (44) . Although these inversions were not validated in the original publication, during the course of the present work, a follow-up study (15) analysed seven of these predictions in more detail and found that two of them could be HG18 assembly mistakes, one appeared to be a complex multiallelic variant, and four were experimentally validated as polymorphic inversions, highlighting the need to clarify if the remaining predictions correspond to real polymorphic variants.
Here, we have carried out an exhaustive bioinformatic and experimental analysis of the 90 original inversion predictions from the HuRef-HG18 comparison. Using PCR and iPCR we have validated and genotyped the candidate inversions in individuals from different human populations. In addition, we have combined the genotype information with available nucleotide variation data to obtain insights about the evolutionary history and possible functional consequences of the real inversions.
Results

Sequence alignment and breakpoint definition
The alignment of the two genome assemblies (HuRef and HG18) for the 90 regions reported as inversions by Levy et al. (2007) (44) resulted in only 66 regions showing an inverted segment (Supplementary Material, Table S1 ). The remaining 24 predictions represent assembly comparison errors since no unique inverted alignment was detected (Fig. 1) . Of those, in 13 cases (Supplementary Material, Table S2 ), there is an incorrect mapping between a pair of inverted segmental duplications (SDs), in which one HuRef SD or a small portion of it maps better into the paralogous copy in HG18 in opposite orientation, although a direct alignment could also be detected. This is usually accompanied by the absence (due to either an indel polymorphism or a sequencing gap) of all or part of the other SD copy in the HuRef sequence (Fig. 1A) . This erroneous mapping might be driven by a true inversion polymorphism of the sequence between both SDs, which would generate an exchange of the internal part of the SDs (Supplementary Material, Table S2 ), although it could also represent misassembled SDs in one of the genome assemblies or gene conversion tracts between SDs. Similarly, in seven other regions the inversion predictions fall within transposable elements (TEs) or simple repeats, and the absence of the true hit in HG18 and the identification of a different repeat copy in inverted orientation as the best possible mapping is probably responsible of the inverted mapping (Fig. 1B) . In the last four cases, a big inversion (0.45-15.9 Mb) is predicted between two complex regions harbouring large repeats (such as 20-495 kb SDs) (Supplementary Material, Table S2 ). The prediction is caused by inverted mappings in both repeated regions due to the presence of small inverted segments (some of which might represent real polymorphic inversions), misassembled parts of the repeats, or gaps in either genome. However, the intervening single-copy sequence shows the same orientation in both genomes (Fig. 1C ) and all these predictions were excluded from any further analysis.
Then, we defined the two inversion breakpoints (BP1 and BP2) for the 66 candidate regions as precisely as possible from our local sequence alignments plus other available sequences such as BACs or fosmids (14) . For simplicity, we always refer to the standard allele (Std) as the orientation found in the HG18 reference genome and the inverted allele (Inv) as that in HuRef, independently of which one is the ancestral arrangement. The breakpoints were defined as an interval to represent better those located within IRs or other regions of uncertainty, like microhomology sequences. When IRs were found, the point of exchange between the two copies in inverted chromosomes was identified by aligning all IR sequences available (see Methods). The comparison of the Levy et al. (2007) (44) breakpoint coordinates with those derived from our analysis, revealed that in 22 inversions (33.3%) the breakpoints were the same ( 10 bp difference) and the other 44 (66.6%) had at least one breakpoint incorrectly defined (>10 bp difference) (Supplementary Material, Table S1 ).
Experimental validation of inversions
In order to select the inversions to be experimentally validated, the 66 candidate regions were tentatively classified into four categories, polymorphic inversion candidates, possible HuRef or HG18 assembly errors, and uncertain, according to their support from fosmids of nine individuals (33) , additional PEM predictions (5), and other available sequences, including some of the newest human assemblies (Supplementary Material, Table S1 ). We tested experimentally 55 putative inversions: 43 by direct PCR or long-range PCR across the breakpoints and 12 by iPCR (Supplementary Materials, Fig. S1 and Table S1 ). Only six inversion candidates could not be analysed using available techniques due to the presence of large SDs (>50 kb) at their breakpoints or the lack of restriction enzyme targets for iPCR. Two HG18 errors, HsInv0001 and HsInv0042, were also excluded because they had already been corrected in the GRCh37 (HG19) assembly using the same BAC clone. In addition, three HuRef error candidates (HsInv0043, HsInv0077 and HsInv0087) involved sequences flanked by gaps inserted in a different location in inverted orientation and were directly considered as assembly mistakes.
Inversion validation experiments were performed with 10 samples corresponding to the individuals from different populations previously analysed by fosmid PEM (33), together with HuRef DNA ( Fig. 2A and Supplementary Material, Table S3 ). In addition, to confirm that they are real inversions (instead of inverted duplications in tandem, for example), both breakpoints were amplified. The only exceptions were HsInv1122, which contains a large 19.6-kb indel at BP1 (Supplementary Material, Fig. S2, see below) and HsInv0036, where long-range PCR across BP1 did not work for any orientation. In total, 22 regions were validated as polymorphic inversions (Fig. 2B) , since both arrangements were detected and concordance of inversion genotypes from the two breakpoints was perfect for all individuals. In eight additional regions we confirmed that they were HuRef assembly errors and no inversion was present by amplifying only Std bands from both breakpoints in this DNA ( Fig. 2A) , except for HsInv0005, in which only BP1 was tested. In most cases at least one of the PCR products was sequenced to fill the gaps in the HuRef sequence and demonstrate that it has the same orientation than HG18. Extra sequence was also generated from the HsInv0015 region to correct additional errors in the HuRef assembly.
Finally, for those regions initially classified as HG18 assembly errors or in which only Inv bands were identified in the previous PCRs, we tested directly the orientation of the clones from which the HG18 reference genome sequence derives ( Fig. 2A and Supplementary Material, Table S4 ). In all cases the inversion predictions were invalidated by showing that the clone DNA had the Inv orientation, including HsInv0050 that had been corrected in HG19 by the substitution of the sequence for that of a different BAC (which does not invalidate the existence of the inversion). However, for HsInv0074 and HsInv0086 the sequenced BAC was not available, and both the 10-individual panel and 90 HapMap individuals of European origin (CEU) comprising 30 father-mother-child trios showed the presence of the Inv allele exclusively, consistent with errors in HG18 genome assembly or polymorphic inversions with a very low frequency in human populations. Therefore, our analysis resulted in the identification of 24 additional inversion assembly errors in HG18 (Fig. 2B ) that are in the process of being corrected in subsequent human genome versions in collaboration with the Genome Reference Consortium (45) , with seven of these regions already showing the proper orientation in the newest GRCh38 (HG38) assembly (Supplementary Material, Table S4 ).
When the inversion validation results were compared with some of the new genome assemblies generated by short reads (NA12878, 84x coverage) or long reads (CHM1_r2, 61x coverage, and NA19240, 30x coverage), we found completely consistent results (Supplementary Material, Table S1 ). The only exception was the presence in the CHM1_r2 assembly of the Std orientation for HsInv1119, that according to the BAC PCR results is an HG18 error. However, in the short-read NA12878 assembly 38.5 % of the candidate inversion regions include gaps and their orientation cannot be determined, compared with 4.6% and 0% of regions with the same problem in the long-read assemblies of NA19240 and CHM1_r2, respectively. In particular, in the short-read assembly 71.4% (5/7) of the Std/Inv heterozygous regions were not assembled, whereas in the long-read NA19240 assembly all heterozygote inversions (3/3) showed either one or other allele. This analysis therefore illustrates the difficulty of correctly identifying inversions with short-read sequencing technologies. Long-reads clearly perform better at a highenough coverage, but the accuracy of the inversion genotype calls for some of the more complex regions still needs to be determined.
Origin of polymorphic inversions
Overall, 28 of the original predictions (31.1%) were identified as possible polymorphic inversions and 22 were validated as true polymorphisms (Tables 1 and 2) , with sizes between 83 bp and 16.5 kb. To determine the ancestral orientation of these regions, we genotyped them in four chimpanzees and two gorillas. Reliable results were obtained for 20 inversions in at least one non-human species and 18 in both of them (Supplementary Material, Table S5), with the missing genotypes caused by deletions of the region in the other genomes or the gain/loss of restriction sites affecting the iPCR assay. Contrary to what has been found for other inversions (16) , no inversion polymorphisms were detected in the great apes studied. The most recent genome assemblies for these species together with that of the rhesus macaque were also analysed (Supplementary Material, Table S5 ) and are generally consistent with experimental results. However, five inversions with IRs at the breakpoints show the Std orientation in at least one of the non-human primate genomes (usually gorilla) while we have amplified only inverted products from the DNA samples, and are probably assembly errors. Nevertheless, they could also represent polymorphic inversions that were not detected as such in chimpanzee and gorilla due to the low number of alleles tested.
In terms of the mechanisms of generation, nine of the validated inversions (40.9%) show IRs at both breakpoints that range between $250 bp Alu sequences (HsInv0031) and 7-kb SDs (HsInv1124) ( Table 1 ). In addition, with the exception of HsInv0031 and HsInv0045 Alu repeats showing a $85% identity, the two copies of these IRs have high identity (>96%), suggesting that the inversions were generated by NAHR. The remaining 13 inversions (59.1%) are not mediated by IRs, but all of them except one have indels from 2 bp to 19.2 kb associated to one or both breakpoints that are completely linked to one of the orientations (Table 2) . Moreover, apart from small duplications and insertions in a few inversions, in most cases the breakpoint indels correspond to deletions in the derived orientation. The detection of complex structural changes, together with the presence of microhomology sequences at several of the breakpoint junctions, suggests a unique origin by replication-based mechanisms like FoSTeS/MMBIR (19, 20) (Fig. 3 ). While MMEJ (46) might also be involved in the generation of complex events in successive steps, it is less parsimonious. Two inversions appear to be generated by NHEJ mechanisms, of which HsInv0006 shows duplications of 41 bp in BP1 and 39 bp in BP2 due to staggered breaks in the generation process (47) .
Frequency of polymorphic inversions in human populations
To study inversion frequencies, we genotyped a single breakpoint by PCR or iPCR from 17 inversions in 90 CEU individuals, with a special focus in those of >1 kb or located within known transcripts (Supplementary Material, Table S6 ). All genotyped inversions follow a perfect Mendelian transmission from parents to children and are in Hardy-Weinberg equilibrium in this population. The derived allele frequencies (DAF) in the 60 unrelated individuals analysed ranged between 0.01 and 0.80 (Tables  1 and 2) .
Seven inversions that have relatively clean breakpoints without repeated sequences were also genotyped in more populations using an alternative method. A library including the two Std (AB and CD) and two Inv (AC and BD) breakpoints (Supplementary Material, Table S7 ) was compared to the mapped There is a third allele with a 114.2-kb deletion that removes completely the inverted region with a frequency of 0.4 in the CEU population.
and unmapped reads from the 1,092 genomes from 14 different human populations of the 1000GP Phase 1 (23) with the BreakSeq pipeline (13, 28) . Reads spanning breakpoint junctions were detected for 344-589 individuals depending on the inversion, with an average number of 3.5 reads per inversion and individual. We then estimated the most likely inversion frequencies for each population and continental group from BreakSeq data with the algorithm svgem (48) ( Table 3 and Supplementary Material, Table  S8 ). Although the low coverage for most individuals of the 1000GP does not allow an unequivocal genotyping of each individual, these data are consistent with the PCR results for the seven inversions in the CEU population, with inverted reads detected only among known inversion carriers.
Nucleotide variation analysis
Inversions reduce recombination within the inverted segment and tend to generate LD with variants located within and around the breakpoints (1,2). Thus, in the 17 inversions experimentally genotyped in the CEU population, we analysed the nucleotide variation in the inverted segment plus 10 kb of flanking sequence at each side using the 35 and 60 unrelated individuals with 1000GP and HapMap SNP data, respectively (16) . The analysis identified two clearly different patterns and yielded very similar results with both complementary datasets ( To explore the relationship between the different haplotypes, we inferred the SNP phase and constructed haplotype networks for the 1000GP and HapMap data. As expected, for 11 of the 15 inversions with fixed SNPs or no SNP information in the unphased data, the haplotypes for the two arrangements were clearly differentiated ( Fig. 4A and Supplementary Material, S3). In the other four inversions only one main haplotype was found in the derived arrangement, which was shared with the ancestral orientation ( Fig. 4B and Supplementary Material, S3). For the two inversions with a high proportion of shared SNPs, we found several quite differentiated haplotypes shared between Std and Inv chromosomes ( Fig. 4C and Supplementary Material, S3). This was confirmed by re-genotyping independently both breakpoints of all individuals carrying unusual combinations of haplotype and inversion allele. Therefore, our analysis indicates that 15 out of 17 inversions show patterns compatible with a unique origin in the CEU population while 2 might represent recurrent events (16) ( Fig. S2 ), we genotyped the deletion by PCR in the CEU population and detected two tag SNPs in complete LD (rs206286 and rs206276). SNP rs206286 was then used in combination with the inversion tag SNP to distinguish the three possible alleles for this region (Supplementary Material, Table S8 ). In total, inversion frequencies in the 1000GP populations were obtained for 12 inversions using either BreakSeq/svgem estimates (seven inversions) or global tag SNPs linked to the inversion (nine inversions) (Supplementary Material, Fig. S4 ), with similar frequency values for the four inversions that could be analysed by the two approaches (Table 3 and Supplementary  Material, Table S8 ). The global distribution of five of these inversions has also been recently estimated as part of the 1000GP Phase 3 analysis (31). However, the error rate of 1000GP imputed genotypes compared to those obtained by PCR varies considerably, from 0 for HsInv0004 and HsInv0045, to very high for HsInv0006 (26%), HsInv0031 (28%) and HsInv1053 (48%). The significant amount of errors in the 1000GP genotyping accounts for the differences in the population frequencies for the last three inversions, with apparently a systematic underestimation of the Inv allele frequency in the 1000GP data (Supplementary Material, Table S8 ). Conversely, tag-SNPs identified by Pang et al. Table S8 ).
When F st values comparing the 14 populations independently and grouped by continent were calculated, two classes of inversions could be observed (Table 3) . Eight inversions show low F st values (<0.15) indicating that there are not important differences in inversion frequencies between human populations. However, the other four inversions have F st values of 0.15-0.25 among populations and 0.22-0.32 among continents, which suggests that some evolutionary process might be generating the observed differences among groups. This differentiation is explained mainly by differences among continents (Table 3 and Supplementary Material, Table S8 ). For example, HsInv0068 derived Std allele frequencies range from being absent in Asian populations to $92% in American admixed populations (Table 3 and Supplementary Material, Fig. S4 ). Finally, while usually the ancestral allele shows an average higher frequency, in three inversions (HsInv0004, HsInv1053 and HsInv1116) the derived allele is clearly the most common in human populations (Table 3) , suggesting a fast increase of these inversions in the human lineage. Another special case is inversion HsInv1122, where the deletion of the complete region is the most frequent allele. However, the most striking situation is that of HsInv0006, which exhibits an extremely high frequency (94.2%) of the derived allele (Std) in African populations, while it shows intermediate frequencies in all the other populations (F st ¼ 0.25 among continents) (Table 3 and Supplementary  Material, Table S8 , and Fig. 5 ). This pattern is consistent with selection in the African continent of the derived Std chromosome (49) .
Functional consequences of inversions
Since inversions are known to affect phenotypic traits in some species, we checked the relative position of the validated polymorphic inversions with respect to adjacent genes that could be affected by them (Supplementary Material, Table S10 ). Thirteen inversions are intergenic and do not seem to affect directly any coding region. Seven inversions are located completely within an intron of a coding or non-coding gene (HsInv0006, HsInv0015, HsInv0059 and HsInv0061), a unitary pseudogene (HsInv0055), or putative RNAs and ESTs that have not been yet integrated into any annotated transcript (HsInv0031 and HsInv1122) (Supplementary Material, Table S10 ). In the last two cases, two genes of the same family overlap each of the SD copies at the breakpoints. In HsInv1124, non-coding RNA genes FAM225A and FAM225B are completely included within the 6.9-kb SDs. Since both SDs have a high identity (99.1%) the exchange is not likely to cause any effect on the functionality of these genes. In HsInv0030, genes CTRB1 and CTRB2 (both encoding chymotrypsinogen precursors expressed in the pancreas) partially overlap the 1.5-kb SDs at the breakpoints and the inversion exchanges the promoter and the first exon of both genes, which includes the signal peptide ( Supplementary  Material, Fig. S2 ). As already described by Pang et al. (2013) (15) , the few nucleotide differences between the two first and last exons have allowed us to detect in GenBank five hybrid mRNAs or ESTs with the first exon of one CTRB gene and final exon of the other copy that confirm the existence of both transcripts from the ancestral Inv arrangement, two mRNAs from CTRB2, and none with complete identity to CTRB1. However, it is not clear if this exchange causes any functional effects since both genes are reconstructed with just slightly different amino acid combinations in the beginning and end of the protein. A variant with more obvious effects is the previously reported 584-bp deletion within SD1 that removes CTRB2 exon 6 (15), which we have found at a 11.7% frequency in the CEU population and occurred in the ancestral Inv arrangement independently of the inversion (Supplementary Material, Fig. S2 ).
Discussion
Among structural variants, inversions are especially difficult to detect and validate since they usually do not represent gain or loss of DNA and are mediated by repeated (and often quite complex) sequences. In this work we have analysed in detail 90 regions predicted to harbour polymorphic inversions in the comparison of two independently assembled genomes (44) . This has allowed us to uncover an extremely high error rate in inversion prediction, with more than two thirds of inversion candidates being false positives. Moreover, we have also found many errors in recently predicted genotypes for some of the inversions (31) , being up to 48% for HsInv1053. Therefore, our study emphasizes the need for careful validation of large-scale genomic data and provides a highly-accurate data set from which to draw reliable conclusions on the functional and evolutionary impact of inversions in humans.
Of the false positives, 24 (26.7%) correspond to variant calling errors (Fig. 2B ) mainly caused by mapping mistakes between IRs, due to either existing polymorphisms or sequence problems (Fig. 1) . While the local mapping-based strategy used by Levy et al. (2007) (44) may be useful for detecting indel variants, in the case of inversions it turned out to be very sensitive to gaps in HuRef, indels in either assembly or mapping into repeated sequences. Thus, it is necessary to correct these errors by using a global whole-genome alignment approach. Another 38 inversion predictions (42.2%) were assembly errors in one of the genomes (Fig. 2B) . In these cases a considerable effort was done to solve them by analysing the primary source of the DNA sequence (J. Craig Venter DNA or the reference genome clones), which is the only way to make sure that the inversion is not a low-frequency variant. Most of these errors (27) correspond to misassembled regions in HG18, rather than in HuRef, sequenced using a whole-genome shotgun strategy, and the majority had not been identified before, including 13 reported as validated inversions in previous studies (31, 32, 41) . As could be expected, all the HG18 erroneous inversions but one (HsInv0044) show repetitive sequences at the breakpoints (SDs, TEs, etc.) and in 24 the assembly in the incorrect orientation occurs between highlyidentical IRs (Fig. 6) . Curiously, these errors correspond also to the longest inversion predictions. Of the eleven errors in the HuRef assembly, in three the segment incorrectly oriented is comprised between two inverted Alu copies and in two it forms part of bigger inverted SDs. In addition, in all the errors there are gaps in at least one of the breakpoint regions that may have contributed to their misassembly, which in several cases includes their insertion in a different location. Given the high amount of errors detected, we have been very strict in the definition of the real inversion variants by refining precisely the breakpoints and validating as many as possible of the 28 remaining candidate regions. In total, we have experimentally validated as true polymorphisms 22 inversions, including some complex events that had not been resolved before (15) . Of those, seven inversions had been independently validated by PCR in other studies and 13 more are supported by comparison with additional sequences, although in most cases in just one individual (Supplementary Material, Table S1 ). Only six inversions could not be experimentally tested due to the characteristics of the IRs at the breakpoints, and although PEM support was detected for all of them and in five the inverted allele is found in some of the new human assemblies analysed (Supplementary Material, Table S1), they could still represent errors in either genome. It is important to note that mostly relatively small inversions were identified in this work. Long inversions are expected to be harder to detect due to the complex repeats that flank many of them (16, (25) (26) (27) and that make these regions particularly challenging to assemble properly. In fact, a complementary analysis by PEM predicted 79 additional possible HuRef inversions (37) and there are two other validated inversions heterozygous in HuRef (HsInv0095 and HsInv0201) (5) . Nevertheless, our analysis provides the most complete picture of the set of inversions between two human genomes.
Although some inversions might be missing, the mechanisms of generation of true polymorphic inversions are in agreement with those reported by Pang et al. (2013) (15) , with approximately half originated by NAHR between IRs and half by non-homologous mechanisms (Fig. 6) . Remarkably, most of the latter ones (12/13) have indels at the breakpoint junctions completely linked to the inversion alleles that were generated simultaneously by mechanisms like FoSTeS/MMBIR, often mediated by small regions of microhomology (Fig. 3) (19,20) . Thus, as recently suggested by the analysis of the 1000GP data (31), this process would play a larger role in the generation of complex rearrangements in the human genome than previously thought. In comparison, only one inversion with IRs at its breakpoints, HsInv0030, shows a deletion within one of the repeats, and it is not related to the inversion generation since it is found only in some chromosomes with the ancestral orientation.
On the other hand, by genotyping 17 of the inversions in 90 CEU individuals organized in 30 family trios, we have not observed any de novo generation events. However, the presence of shared SNPs or haplotypes between Std and Inv chromosomes suggests that two inversions mediated by IRs are recurrent, and have been generated more than once on chromosomes carrying different haplotypes. As before (16) , all inversion genotypes of individuals carrying haplotypes that suggest recurrence were double-checked in an independent experiment, and SNP genotyping and phasing errors were ruled out because the same results were observed with and without phasing in HapMap and 1000GP data. Although gene conversion of DNA segments could also generate the observed nucleotide variation patterns (16), the clear contrasting results for the inversions generated by non-homologous mechanisms, with no shared SNPs and a high proportion of fixed SNPs in perfect LD, indicates that this phenomenon does not have a big impact and supports the recurrence of IR-mediated inversions (16) . Another evidence for recurrence is the presence of the same inversion polymorphisms in other species (16) , but no examples of this are found here. In addition, in this work the proportion of inversions with IRs that could be recurrent (2/8, 25.0%) is much smaller than the one obtained previously (11/16, 68.7%) (16) . However, it is important to note that the size of the IRs in the previous study was also higher, with an average of 8,320 bp and 98.4% identity, compared to the 3,012 bp and 99.1% identity for our six inversions after excluding the two with small Alu sequences at their breakpoints. Consistent with this, the two recurrent inversions are among those with the largest and most identical IRs, which suggests that long identical repeats may be more likely to pair and recombine by NAHR. Nevertheless, inversions that do not show a recurrent pattern in CEU could still be recurrent in other populations or in a larger sample of non-human primates. Finally, inversions with no fixed or shared SNPs are considered unique, since the null hypothesis cannot be discarded. Thus, it is possible that we are still underestimating recurrence.
We have also examined the frequencies of 12 inversions in 14 worldwide human populations using either global tag SNPs or detection of breakpoint sequences. For four inversions, global tag SNPs have been identified taking into account BreakSeq results, so the values obtained by the two analyses are extremely similar and most likely represent real frequencies (Table 3 and  Supplementary Material, Table S8 ). The frequencies derived from BreakSeq results exclusively (three inversions) are also based on data from individuals from all populations and their frequencies should be reliable as well. Frequency values for the five inversions genotyped only based on tag SNPs identified in CEU individuals should be taken with more caution, because the fact that these tag SNPs are in perfect LD with the inversion in one population does not necessarily mean that they are linked in others. However, in two of them (HsInv0004 and HsInv0031) the same or a completely linked tag-SNP was found in a small sample of individuals from four different populations (15) and in HsInv0004, HsInv0045 and the deletion of the HsInv1122 region our frequency estimates are practically identical to those of the 1000GP (Supplementary Material, Table S8 ). This suggests that overall the results obtained here are very reliable.
All polymorphic inversions analysed in this work show a geographic distribution comprising all continents and have a relatively high frequency (88.3% with >0.1 frequency), consistent with their detection in the comparison of only two genomes. In general, it is quite difficult to differentiate between the role of demographic and selective processes in the current distribution of human variants. Interestingly, two of the inversions with highest F st values among populations, HsInv0059 and HsInv0006, show an increased frequency of the derived allele exclusively in one continent. While HsInv0059 increase in Asia can be explained by demographic reasons, in HsInv0006 the 90% frequency of the derived allele in Africa compared to $33-43% in the other continents may be indicative of natural selection in African populations (49) . HsInv0006 is the smallest inversion characterized here (83 bp), but it is located in the first intron of gene DSTYK (that encodes a serine/threonine and tyrosine protein kinase that may function as a regulator of cell death), very close to the first exon and regulatory regions of this gene (1,209 bp away from a CpG island overlapping the first exon), which suggests that the inversion may be influencing gene expression (Fig. 5) . Similarly, HsInv0059 is also located within the first intron of gene GABRR1, encoding a gamma-aminobutyric acid (GABA) A receptor, only 3,554 bp away from the transcription start site in most known isoforms. Besides, another inversion showing population differentiation is HsInv0030 (15) that exchanges the first exons of two chymotrypsinogen genes (Supplementary Material, Fig. S2 ). All these inversions are good candidates for detailed studies of expression changes in the neighbouring and more distant genes. However, determining their functional consequences remains difficult since large numbers of individuals and samples from those tissues where the affected genes are expressed are necessary. Therefore, more global analyses of inversion effects on gene expression and the selective forces acting on them are currently underway, which will contribute to understand the role of inversions in human variation, disease and evolution.
Materials and Methods
Sequence alignment and breakpoint definition
The sequences of the 90 inversion regions predicted in the J. Craig Venter genome (HuRef) (44) plus 5-30 kb of flanking sequence at each side were recovered from the NCBI36/HG18 reference genome and were used as a query in a Blastn search (50) to identify the corresponding sequences within the HuRef genome. Next, for each inversion, both sequences were aligned using Blast2seq (50) to check the presence of the inversion and annotate precisely the inversion breakpoints in the HG18 (Std) and HuRef (Inv) genomes (Supplementary Material, Fig. S1 ). In those inversions with IRs at the breakpoints, the repeats from both Std and Inv orientations from HG18, HuRef and other available sequences were aligned using MUSCLE (51) or Kalign (52) to identify the nucleotide changes that differentiate the paralogous repeat copies and the point where these variants get exchanged between the two IRs in Inv chromosomes. Breakpoint boundaries were defined between the last three consecutive variable positions identical between the two IRs at the same breakpoint junction in both orientations, and three consecutive changes indicating an exchange between both IRs in the Inv orientation (that is, after the breakpoint, the IR in BP1 in the Inv chromosome becomes more similar to the IR in BP2 in the Std chromosome, and vice versa) (16) .
DNA samples
We used a total of 96 human samples from the HapMap project (43) (Supplementary Material, Table S6 ), which include 30 parent-child trios of European origin (CEU population, HapMapPT01), four unrelated African individuals (YRI population), and two unrelated Asian individuals (CHB and JPT populations), plus individual NA15510 and HuRef. As previously described (16), high molecular weight genomic DNA from most of these samples was obtained from Epstein-Barr virus-transformed B-lymphoblastoid cell lines of each individual and their identity was confirmed using the MSK microsatellite kit (Coriell Cell Repositories, Camden, NJ, USA). DNAs of the remaining cell lines and HuRef were acquired from Coriell Cell Repositories (Camden, New Jersey, USA). Clones used in the human reference genome assembly were obtained from the CHORI BACPAC Resources Center (Oakland, California, USA), the RIKEN Bioresource Center DNA Bank (Ibaraki, Japan) and Source BioScience (Nottingham, UK). Bacteria were grown in LB agar plates with 30 lg/ml chloramphenicol or kanamycin depending on the clone, and DNA was either directly amplified from single colonies or isolated using the Plasmid Mini Kit (Qiagen). Genomic DNAs from four chimpanzees and two gorillas, including a father-son pair in each species (16) , were isolated from frontal cortex tissue samples obtained from the Banc de Teixits Animals de Catalunya (BTAC, Bellaterra, Barcelona, Spain) (N457/03, Z01/03 and Z02/03) or Epstein-Barr virus-transformed B-lymphoblastoid cell lines generated from blood of three individuals from the Barcelona Zoo (PTR1211, PTR1213 and PTR1215). All procedures that involved the use of human and non-human primate samples were approved by the Animal and Human Experimentation Ethics Committee (CEEAH) of the Universitat Aut onoma de Barcelona.
PCR
Primers flanking each breakpoint were used to determine the orientation of the inversion regions by PCR (Supplementary Material, Table S11 ). Primers were designed with Primer 3 (53) and checked against HG18, HuRef and dbSNP database to avoid including variable positions in humans. PCR reactions were prepared in a 25-ll volume containing 1x buffer, 1. from BAC clones were performed by resuspending a single colony in 100 ll of low TE (10 mM Tris/0.1 mM EDTA) and using 2 ll as a template. When needed, PCR products were directly sequenced by Sanger sequencing (Macrogen, Seoul, Korea).
Inverse PCR (iPCR)
iPCR was used to validate and genotype inversions mediated by IRs and it involves digestion and self-ligation steps to create circular molecules, followed by a regular PCR with primers at both sides of the new junction (Supplementary Material, Fig. S1 ). For iPCR, typically, 150 ng of genomic DNA were digested overnight at 37 C (unless otherwise recommended) with 3 U of a restriction enzyme (Supplementary Material, Table S1 ) that cuts both within the inverted segment and outside but not within the IRs at the breakpoints (16 (54), and then converted to fastq. Otherwise, the raw fastq files were downloaded, avoiding colour-space sequences and exome reads. These reads were processed with a slightly modified version of BreakSeq (13) that used Bowtie 2 (55) to map the reads to the breakpoint library (48) . Reads overlapping at least 10 bases in either side of a breakpoint were mapped to the whole reference genome and those mapping uniquely to an Inv or Std breakpoint were counted as allele observations. Given the low coverage of most genomes analysed (average 4x), genotypes could not be assessed with certainty when only one allele was observed due to potential undersampling of the heterozygous genotypes. Thus, we used the svgem program (48) to obtain accurate maximum-likelihood estimates of allele frequencies from incomplete observations by an expectationmaximization algorithm. A key parameter for svgem is the allele observation bias (k), namely how much more probable it is to observe the Std than the Inv allele from a heterozygous genotype (due for example to different mappabilities of the reads that span either the Std or the Inv breakpoints caused by the presence of repetitive sequences). We estimated k for each inversion by simulating all possible 36-100 bp sequences that could span the breakpoints, mapping them back to the breakpoint library and to the reference genome with the BreakSeq pipeline, and calculating the ratio between Std and Inv allele observations (with most resulting k values being close to 1). We also estimated the rate of erroneous observations from the reads of individuals known to be homozygous by PCR assays. Since we did not find any spurious count of the absent allele, we assumed that erroneous observations were negligible, and set the corresponding parameter to 1 Â 10
. Finally, we run svgem program with these settings and without assuming Hardy-Weinberg equilibrium on the allele counts of all inversions to estimate allele frequencies and genotype likelihoods, both globally and within populations.
With incomplete genotype observations it is also possible to obtain maximum-likelihood estimates of LD using an expectation-maximization algorithm implemented in bcftools version 0.1.19 (56) . In order to calculate the LD between the inversions and the surrounding SNPs in the 1000GP populations, we first downloaded the SNP data from the 1000GP website (www.1000genomes.org) in variant calling format (VCF), which included the genotype likelihoods of all individuals for each SNP. We used only SNPs within 10 kb from either breakpoint. Then, we added each inversion as two single variants in the positions of its breakpoints, and specified for every individual the same genotype likelihoods obtained before with svgem (48) . Finally, we estimated the r 2 between the genotype likelihoods of the inversion breakpoints and that of all SNPs within 10 kb of them with bcftools (56) . The closest SNP to the breakpoints in high LD with each inversion (r 2 > 0.98) was considered a tag SNP for the inversion and was used to genotype the whole set of 1,092 individuals. For those inversions not included in the BreakSeq analysis, the tag SNP with r 2 ¼ 1 in the CEU population (see below) closest to one of the breakpoints was used to genotype the inversion in the remaining populations.
Evolutionary and nucleotide variation analysis
Ancestral state of inversions was estimated by both aligning the human HG18 and HuRef sequences with the chimpanzee (panTro4), gorilla (gorGor4) and rhesus macaque (macRhe8) genomes using Blast2seq (50), and by PCR or iPCR in four chimpanzees and two gorillas (Supplementary Material, Table S5 ). For the 17 inversions genotyped in the 90 CEU individuals, SNP data for the inversion region plus 10 kb of flanking sequence at either side were collected from 35 individuals of the 1000GP Phase 1 (23) and 60 unrelated individuals of the HapMap project release 27 (57), which provide complementary information (a higher number of SNPs but less individuals with inversion genotypes are available in the 1000GP, while HapMap allows the analysis of more individuals and more reliable genotypes, although based on fewer SNPs) (16) . SNPs included within IRs or regions from the reference genome deleted in the Inv orientation were excluded. Shared polymorphisms between Inv and Std chromosomes were estimated from genotype data based on: (1) the presence of the two alleles of a SNP in Std/Std and Inv/Inv homozygotes; (2) Std/Inv heterozygotes homozygous for both alleles of a SNP; or (3) Std/Inv heterozygotes homozygous for an allele of a SNP that is polymorphic in one orientation but it is not present in the other (16) . LD between SNPs and inversions was assessed using Haploview v4.2 software (58) and we defined as tag SNPs in the CEU population those with an r 2 ¼ 1 with the inversion. Std and Inv haplotypes were inferred with Phase v2.1.1 (59) and the relationship between them was visualised by constructing median-joining haplotype networks using Network 4.612 (60) . In HsInv1122, with three alleles including the complete deletion of the inverted region (Supplementary Material, Fig. S2 ), incorrectly imputed SNPs in the deleted allele (identified by a deletion tag SNP) were removed from the analysis.
F st values were calculated with Arlequin v3.1 (61) .
Data
Detailed information about all inversions and inversion predictions described here can be found at the InvFEST database (http://invfestdb.uab.cat/). GenBank accession numbers are KY120735-KY120744.
Supplementary Material
Supplementary Material is available at HMG online. 
